Objectives: At a center where surgeons favor mitral valve (MV) repair for all subsets of leaflet prolapse, we compared results of patients undergoing repair for simple versus complex degenerative MV disease.
Temporal trend of severe postoperative mitral regurgitation (MR) after mitral valve repair.
Central Message
Degenerative mitral valve repair operations have become increasingly durable. However, lifelong annual echocardiographic surveillance is recommended, particularly for patients with complex disease.
Perspective
Mitral valve repair for degenerative disease is associated with excellent survival and low operative risk, regardless of valve prolapse complexity. However, repair of complex disease is still less durable and requires lifelong postoperative annual echocardiographic surveillance.
See Editorial Commentary page 130.
Degenerative mitral valve disease is the most common indication for mitral valve surgery and is recognized as an important preventable cause of chronic heart failure. [1] [2] [3] The recent American Heart Association/American College of Cardiology guidelines recommend (class IIA) surgical mitral valve repair for asymptomatic patients with chronic severe primary mitral regurgitation (MR) with preserved left ventricular function (ejection fraction > 60% and end-systolic dimension < 40 mm) in whom the likelihood of a successful and durable repair without residual MR is more than 95%, and expected mortality of<1% when performed at an experienced heart valve center. 4 Although there is consensus that repair of posterior leaflet prolapse by resection and annuloplasty is reproducible and durable, outcomes after repair of anterior leaflet and bileaflet prolapse are less certain. 5 Thus, many cardiologists have been reluctant to recommend surgical intervention in asymptomatic patients with anterior or bileaflet prolapse because of perceived inferior surgical outcomes (Video 1). 1, 6 At a center where surgeons favor mitral valve repair for all subsets of leaflet prolapse, we sought to identify temporal trends in characteristics of patients with simple (posterior leaflet prolapse) and complex (anterior or bileaflet prolapse) degenerative MR undergoing mitral valve repair, determine whether postoperative complications differed after repair of simple versus complex disease, assess recurrent MR over time and prevalence of reoperation after repair in each group, compare long-term survival, and identify factors associated with mortality and durability after repair.
PATIENTS AND METHODS Patients
From January 1, 1985, to January 1, 2016, 6153 patients underwent primary mitral valve repair for degenerative mitral valve disease with leaflet prolapse (Carpentier type II 7 ) at Cleveland Clinic. Patients with concomitant tricuspid valve repair (n ¼ 350 [5.7%] ), closure of an atrial septal defect or patent foramen ovale (n ¼ 274 [4.5%]), or surgical ablation for atrial fibrillation (n ¼ 750 [12%]) are included, but those with severe mitral annular calcification or undergoing other concomitant cardiac operations are not. These 6153 patients represent 96% of the 6408 patients undergoing primary mitral valve surgery for degenerative disease. The proportion of patients undergoing mitral valve repair has increased steadily, to nearly 100% in recent years ( Figure E1 ).
Cardiologists usually recommend surgical intervention based on complexity of the valve pathology seen in echocardiographic images. Therefore, simple versus complex degenerative mitral valve disease was classified by review of echocardiographic images. Of 6153 patients, 3101 underwent mitral valve repair for simple disease on preoperative echocardiographic imaging, which represents 97% of 3183 patients undergoing mitral valve surgery for simple disease ( Figure E2 , A), and 3052 underwent mitral valve repair for complex disease, which represents 95% of 3225 patients undergoing mitral valve surgery for complex disease ( Figure E2 , B).
Surgical Details
Full sternotomy was performed in 2351 patients (39%), partial sternotomy in 1958 (32%), and right minithoracotomy in 693 (11%), and a robotic approach was used in 1045 (17%). Details of surgical approaches for patients undergoing less invasive and robotic mitral valve repair have been described previously. [8] [9] [10] The most common repair techniques included band/ring annuloplasty in 6055 (98%), leaflet resection in 5052 (82%), sliding repair in 2576 (42%), insertion of polytetrafluoroethylene chords in 579 (9.4%), chordal transfer in 529 (8.6%), and commissuroplasty in 254 (4.1%). The most common reasons for not using annuloplasty repair were high probability of postrepair systolic anterior motion and valve stenosis due to small size of the annulus. Further details are provided in Appendix E1.
End points
End points included in-hospital mortality and morbidity, longitudinal persistence or recurrence of MR, reoperation after mitral valve repair, and time-related mortality. In-hospital mortality and complications were defined according to the Society of Thoracic Surgeons National Cardiac Database (see http://www.sts.org/sites/default/files/documents/ STSAdultCVDataSpecificationsV2_81.pdf).
A total of 7719 postoperative echocardiograms were available for 3767 patients (91%) in the matched repair group (see Data Analysis and Presentation for matching strategy). However, only a subset of 1085 matched patients have been routinely followed at Cleveland Clinic, with a total of 3370 echocardiograms available. Compared with patients not having follow-up echocardiography, these patients were more likely to be younger and less symptomatic, with a higher prevalence of chordal elongation and use artificial chordae, annuloplasty, and sliding repair techniques (Tables E1 and E2 ). Details of echocardiographic follow-up are shown in Figures E3 and E4 .
For time-related events, patients were followed systematically at 2, 5, 10, 15, and 20 years after surgery by mailed institutional review board-approved questionnaires, telephone interviews, or examination at Cleveland Clinic. Median time for this active follow-up was 6 years, with 25% of survivors followed for more than 10 years and nearly 5% for 20 years ( Figure E5 ). 
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Data Analysis and Presentation
The analytic strategy included identifying patient characteristics associated with complex disease, generating a cohort of matched patients using propensity scores, and comparing persistent or recurrent MR longitudinally after repair, survival, and reoperation between matched cohorts. 11 Data used in these analyses were approved for research by the Cleveland Clinic Institutional Review Board, with patient consent waived. All analyses were performed using SAS statistical software version 9.4 (SAS Institute, Cary, NC) and R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria). 12 
Single Versus Complex Prolapse
Briefly, multivariable logistic regression analysis (PROC LOGISTIC) was used to identify baseline factors from among those listed in Appendix E2 that were associated with complex mitral valve prolapse. To meet assumptions of linearity of ordinal and continuous variables with respect to the logit, we incorporated potentially linearizing transformations of scale in our variable selection strategy. Variable selection, with a P value criterion for retention of variables in the model of .05, used bagging (bootstrap aggregation) 12, 13 with automated forward stepwise analysis of 1000 resampled data sets. Variables appearing in at least 50% of analyses were considered reliably statistically significant. This parsimonious model (Table E3 ) was amplified to form a semisaturated propensity model by adding factors from each class of variables not already represented (see Appendix E2). 14, 15 The final model was solved to generate a propensity score for each patient, then used to identify 2065 propensity-matched pairs (68% of possible matched pairs) (Tables E4 and E5, Figure E6 , A and B) with a greedymatching strategy. 16 In the simple group, patients in the matched cohort were more likely than unmatched patients to be younger and female, had similar preoperative symptoms and cardiac morphology, higher prevalence of preoperative atrial fibrillation and chordal elongation, and similar MV repair techniques (Table E6 ). In the complex group, patients in the matched cohort were more likely than unmatched patients to be older and male, with similar preoperative symptoms and cardiac morphology, lower prevalence of preoperative atrial fibrillation and chordal elongation, but similar MV repair techniques (Table E7 ).
Longitudinal Analysis of Persistent or Recurrent MR
We analyzed the longitudinal pattern of MR grades on surveillance transthoracic echocardiograms using a nonlinear cumulative logistic mixed model. 17 Prevalence of each MR grade over time was estimated by averaging patient-specific profiles from this model.
Time-Related Events
Nonparametric estimates of survival and reoperation were assessed by the Kaplan-Meier method and parametric estimates by a multiphase hazard model. 18 The parametric model was used to resolve a number of phases of instantaneous risk of death/reoperation (hazard function) and to estimate shaping parameters.
Risk Factor Identification
Risk factors for death, reoperation, and persistent or recurrent MR were identified using the bagging method, with variable selection from those presented in Appendix E2. Procedure characteristics were also included as potential risk factors.
Managing Missing Values
To account for missing values for some variables in multivariate modeling, we performed 5-fold multiple imputation using a Markov chain Monte Carlo technique. 19 
Presentation
Categorical variables are summarized as frequency and percentage and were compared using the c 2 test or Fisher exact test when fewer than 5 events were observed in either group. Continuous variables are summarized as mean AE standard deviation or equivalently as 15th, 50th (median), and 85th percentiles when their distribution was skewed, but all were compared using the Wilcoxon rank-sum test to account conservatively for nonnormality of distributions. Mortality and reoperation estimates are accompanied by an asymmetric 68% confidence interval, comparable to AE 1 standard error. Trends are displayed using a smoothing spline (R statistical software). 20 
RESULTS

Complex Versus Simple Degenerative Mitral Valve Disease
Primary isolated mitral valve repair was performed in 3101 patients with simple disease and 3052 patients with complex disease observed by preoperative echocardiography. The percentage of patients diagnosed echocardiographically with complex disease declined in the first decade of our experience ( Figure E7 ). Compared with patients with simple disease, those who underwent repair for complex pathology were more likely to be younger (mean age, 56 AE 13 years vs 58 AE 11 years) and female (38% vs 24%), with a higher prevalence of leaflet calcification (2.2% vs 1.4%), severe tricuspid valve regurgitation (5.1% vs 3.4%), and preoperative atrial fibrillation (15% vs 12%) ( Table 1) .
Compared with patients with simple disease, those who underwent mitral valve repair for complex disease had similar left ventricular end-systolic volume index (25 AE 12 mL/m vs 24 AE 11 mL/m; P ¼ .4) and left ventricular mass index (128 AE 35 g/m vs 128 AE 36 g/m; P ¼ .8).
The most common type of mitral valve repair was ring/ band annuloplasty (99% in the simple group vs 98% in the complex group), followed by leaflet resection (90% in the simple group vs 74% in the complex group) ( Table 2) . In-hospital outcomes. Among propensity-matched patients, the simple and complex groups experienced similar in-hospital mortality (0.048% vs 0.097%), occurrence of stroke (0.87% vs 1.4%), new-onset atrial fibrillation (28% vs 29%), respiratory failure (1.4% vs 2.4%), septicemia (0.20% vs 0.25%), reexploration for bleeding (2.2% vs 2.7%), renal failure (0.058% vs 0.17%), and length of intensive care unit stay (15th, 50th, and 85th percentiles, 22, 24, and 28 hours vs 21, 24, and 28 hours, respectively, for both groups) after repair (P ! .05 for all) ( Table 3) . Recurrent MR. Prevalence of persistent or recurrent MR demonstrated an early increase within the first month after repair followed by a slow progression in the months and years thereafter ( Figure E10 , A and B). Among propensity-matched patients, 95% of those in the simple group and 93% of those in the complex group had no or mild MR within 1 month after valve repair. By 10 years, an estimated 86% in the simple group had no or mild MR, 7.9% had moderate MR, and 6.2% had severe MR, versus 77% with no or mild MR, 12% with moderate MR, and 11% with severe MR in the complex group (P ¼ .01 in the early phase and P ¼ .007 in the late phase after repair) ( Figure 3 ).
Incremental risk factors for early persistence or progression of MR in the entire cohort were higher preoperative right ventricular systolic pressure and left atrial volume index, earlier date of operation, placement of artificial chordae, complex disease, and not having leaflet resection in the late phase (Table E8 and Figure E11, A and B ). Risk of reoperation at 18 years after repair was 6.3% for those with simple disease versus 11% for those with complex disease (P ¼ .03 in the early hazard phase and P ¼ .13 in the late rising hazard phase) ( Figure E12 ).
Incremental risk factors for reoperation in the entire cohort were earlier date of operation, higher preoperative NYHA functional class, and higher preoperative left atrial volume index in the early phase, and mitral valve repair without annuloplasty and without leaflet resection in the late phase. Complex disease was a risk factor for reoperation both early and late after repair (Table E9 and Figure E13 , A and B). Survival. Among propensity-matched patients, survival at 20 years after repair was 62% for those with simple disease versus 61% for those with complex valve disease (P ¼ .6 in both the constant and late phases) (Figure 4) .
Incremental risk factors for death in the entire cohort were older age, lower preoperative left ventricular ejection fraction, heart failure, prior stroke, and earlier date of operation in the constant phase, and higher preoperative body mass index, prior myocardial infarction, carotid disease, and higher preoperative tricuspid and pulmonary valve regurgitation in the late hazard phase. Complexity of the valve was not associated with death in either phase (Table E10) .
DISCUSSION Key Findings
In recent years, early surgical intervention-before development of symptoms, atrial fibrillation, or changes in left ventricular structure and function-has become more common in patients with degenerative mitral valve disease, regardless of complexity of the degenerative lesion. Valve repair was associated with similarly low operative risk and better time-related survival, but greater progression of MR and late reoperations in complex versus simple disease. Earlier date of operation and placing artificial chordae in complex disease, and not having leaflet resection and annuloplasty were associated with lower durability of MV repair.
Current Clinical Practice
Although there is no debate among experts concerning mitral valve repair for severe symptomatic degenerative MR (class IB recommendation), 4 discordance persists in mainstream clinical practice regarding early correction of severe asymptomatic degenerative MR. Approximately 30% to 60% of such patients in the United States and 30% in Europe undergo surgery. Although American Heart Association/American College of Cardiology guidelines 4 provide a class IIA recommendation for early operation in asymptomatic patients, European guidelines 21 do not provide a strong endorsement of this course. However, surgical referral after development of left ventricle enlargement and dysfunction results in excess early and late mortality as well as increased risk of heart failure, as we also observed in our study. 1, 4 In clinical practice, the site of prolapse (ie, anterior, posterior, or bileaflet) has a potential influence on the likelihood of surgical referral in patients with severe asymptomatic MR. Although cardiologists agree that early surgical referral of patients with simple degenerative mitral valve disease (posterior prolapse) is supported by evidence, many have been reluctant to recommend surgical intervention for asymptomatic patients with complex disease (ie, anterior or bileaflet prolapse), fearing that surgical outcomes are inferior to watchful waiting. Patients with complex disease previously presented with more symptoms and greater changes in cardiac structure and function than did patients with simple disease and experienced slightly inferior outcomes. 5, 22, 23 Recently, patients have been referred for early correction of severe MR regardless of the type and extent of valve prolapse, as shown in this study. We demonstrate that this practice does not compromise outcomes.
Durability of Repair
Historically, repair of an anterior leaflet has been more challenging than posterior leaflet repair and has been accompanied by reduced durability. 5, [23] [24] [25] Anterior repair techniques have evolved from chordal shortening and chordal transfer to insertion of polytetrafluoroethylene chordae. 5, [26] [27] [28] Creation of artificial chordae has been associated with excellent durability and is amenable to less invasive approaches, making it our preferred technique in recent years.
In an earlier series, 5 we compared 252 isolated anterior repairs with 2650 isolated posterior repairs and found that recurrence of MR was more likely early after anterior repair. In the current study, we extended our experience for 10 more years and found similar results. However, more recent operation was associated with higher durability. Possible explanations for these findings include evolution of anterior leaflet repair techniques and increased surgeon experience.
Patients with bileaflet prolapse were included in the group with complex disease. Many of these patients have Barlow disease. Although such valves appear quite complex, successful repair is often achievable by a posterior leaflet repair alone (Appendix E3). In particular, when the valve exhibits bileaflet prolapse and the MR jet is centrally or anteriorly directed, posterior leaflet resection (with or without a sliding repair) and annuloplasty generally result in a successful repair. In contrast, patients with a posteriorly directed MR jet require an anterior leaflet procedure.
Survival
Evidence supporting similar survival after repair for simple and complex mitral valve disease has accumulated over the past decades. 5, [29] [30] [31] In earlier reports, unadjusted survival of patients presenting with anterior disease was inferior to that of those presenting with posterior disease. This was likely attributable to more pronounced changes in cardiac structure and function at the time of surgical referral. 5 Our current work demonstrates similar excellent survival among patients with simple and complex disease as long as they are referred before developing left ventricle damage and dysfunction.
Limitations
This was a nonrandomized clinical study with possible selection bias. However, our approach was to consider degree of prolapse as a natural experiment and to use propensity matching of variables other than the prolapse itself to propensity match patients for assessing outcomes. Nevertheless, this methodology cannot account for unmeasured or undocumented variables. Late postoperative echocardiographic follow-up was limited to patients who routinely returned to our institution for surveillance clinic visits (see Appendix E3). However, sufficient echocardiographic data were available to estimate valve durability to 10 years. Furthermore, because of limitations of joint modeling techniques with longitudinal measures and survival, the analysis of MR persistence or progression does not account for death as a competing risk. Death, although uncommon, was another potential limitation if it was informative of recurring MR.
This study extended over more than 2 decades, during which time mitral valve repair techniques changed. As such, date of operation was included in the propensity model. After matching, there was no statistically significant difference between the simple and complex disease groups.
CONCLUSIONS
Mitral valve repair for degenerative MR is associated with low operative risk and excellent time-related survival but lower repair durability in complex disease. Mitral valve repair for complex disease requires lifelong postoperative annual echocardiographic surveillance. 
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APPENDIX E1. ECHOCARDIOGRAPHIC VERSUS SURGICAL FINDINGS
Both preoperative transthoracic echocardiographic and surgical findings are subject to observation bias. Although echocardiograms may show prolapse above the annulus plane, this visual interpretation depends on image quality and orientation as well as interobserver variability. What a surgeon finds and the repair performed may or may not be consistent with preoperative diagnosis and intraoperative echocardiographic findings under altered loading conditions. Thus, we focused our analyses on the cardiologic diagnosis that patients arrive with in the operating room. In the simple prolapse group, 2939 of 3101 patients underwent repair solely of the posterior leaflet, and 7, 79, and 76 underwent anterior-only repair, bileaflet repair, and annuloplastyonly repair, respectively. In the complex prolapse group, 652 of 3052 patients underwent bileaflet repair, and 1962, 308, and 130 underwent posterior-only repair, anterioronly repair, and annuloplasty-only repair. Values are presented as n (%).
APPENDIX E2. VARIABLES INCLUDED IN THE ANALYSES
*Variables used in the propensity model; procedure variables were considered as risk factors only for the outcome models (mortality, reoperation, and mitral valve regurgitation).
Patient Variables
Demographic characteristics: Age (y),* sex,* race (white,* black,* or other), weight (kg), height (cm), weight/height ratio,* body surface area (m 2 ), and body mass index. Symptoms: New York Heart Association functional class (I-IV).* Pathology aortic valve regurgitation (yes/no,* grade*), mitral valve regurgitation grade,* pulmonary valve regurgitation (yes/no),* and tricuspid valve regurgitation (yes/no,* grade*).
Ventricular dysfunction: Prior myocardial infarction.* Cardiac comorbidity: Atrial fibrillation,* complete heart block or pacer,* ventricular arrhythmia,* heart failure,* and history of endocarditis.* Noncardiac comorbidity: Peripheral arterial disease,* carotid disease,* hypertension,* pharmacologically treated diabetes,* chronic obstructive pulmonary disease,* history of smoking,* stroke,* creatinine (mg/dL), blood urea nitrogen (mg/dL),* bilirubin (mg/dL),* creatinine clearance (mL/min),* glomerular filtration rate (modification of diet in renal disease; mL/min/1.73 m 2 ), hematocrit (%),* total cholesterol (mg/dL),* high-density lipoprotein cholesterol (mg/dL),* low-density lipoprotein cholesterol (mg/dL),* and triglycerides (mg/dL).* Coronary artery disease: Systems with > 50% stenosis (left anterior descending coronary artery,* left circumflex coronary artery,* and right coronary artery*), number of systems with > 50% stenosis.
Mitral valve pathologies: Calcification,* leaflet calcification,* thickening/fibrosis,* chordal thickening/fibrosis,* leaflet thickening/fibrosis,* chordal elongation,* cleft leaflet,* dilated annulus,* chordal rupture,* and left ventricular enlargement.* Right ventricular function: Systolic pressure (mm Hg).*
Left Ventricle Variables
Structure: Inner diameter in diastole (cm),* inner diameter in systole (cm),* diastolic volume (mL),* systolic volume (mL),* diastolic volume index (mL/m),* systolic volume index (mL/m), and calculated left ventricle relative wall thickness.* Function: Fractional shortening,* left ventricular ejection fraction (%).* Hypertrophy: Mass (g), mass index (g/m),* posterior wall thickness (cm),* and septal thickness (cm).*
Left Atrial Variables
Size: Left atrial diameter (cm), calculated unscaled left atrial volume (mL), and unscaled left atrial volume index (mL/m).* Experience date of operation (years since January 1, 1985).*
Procedure Variables
Operation: Tricuspid valve surgery, any atrial fibrillation procedure, and congenital atrial septal defect/patent foramen ovale suture closure.
Repair techniques: Annuloplasty, leaflet resection, triangular resection, sliding repair, artificial chordae, chordal transfer, and commissuroplasty.
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ADULT APPENDIX E3. LONGITUDINAL ECHOCARDIOGRAPHIC ASSESSMENT OF MITRAL VALVE REGURGITATION AFTER REPAIR
Because Cleveland Clinic is a high-volume referral center for mitral valve repair, most of our patients come from outside our region. Therefore, their follow-up surveillance is at their local centers. It has rarely been possible to obtain follow-up echocardiographic images or even reports, so we have estimated residual or recurrent mitral regurgitation based on echocardiograms obtained during follow-up surveillance at Cleveland Clinic. As seen in Figure E4 , these echocardiograms were obtained for the most part during routine yearly clinic visits.
Patients followed at our institution were slightly older with a slightly higher ejection fraction, and had more heart failure, renal disease, and diabetes than patients followed elsewhere. They also experienced more chordal disease (Tables E1 and E2 ). 
